White matter hyperintensities and lacunes are among the most frequent abnormalities on brain magnetic resonance imaging. They are commonly related to cerebral small vessel disease and associated with both stroke and dementia. We examined the spatial relationships between incident lacunes and white matter hyperintensities and related these findings to information on vascular anatomy to study possible mechanistic links between the two lesion types. Two hundred and seventy-six patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a genetically defined small vessel disease with mutations in the NOTCH3 gene were followed with magnetic resonance imaging over a total of 633 patient years. Using difference images and Jacobian maps from registered images we identified 104 incident lacunes. The majority (n = 95; 91.3%) of lacunes developed at the edge of a white matter hyperintensity whereas few lacunes were found to develop fully within (n = 6; 5.8%) or outside (n = 3; 2.9%) white matter hyperintensities. Adding information on vascular anatomy revealed that the majority of incident lacunes developed proximal to a white matter hyperintensity along the course of perforating vessels supplying the respective brain region. We further studied the spatial relationship between prevalent lacunes and white matter hyperintensities both in 365 patients with CADASIL and in 588 elderly subjects from the Austrian Stroke Prevention Study. The results were consistent with the results for incident lacunes. Lesion prevalence maps in different disease stages showed a spread of lesions towards subcortical regions in both cohorts. Our findings suggest that the mechanisms of lacunes and white matter hyperintensities are intimately connected and identify the edge of white matter hyperintensities as a predilection site for lacunes. Our observations further support and refine the concept of the white matter hyperintensity penumbra.
Introduction
Cerebral small vessel disease is a major cause of both stroke and age-related disability and the most common cause of vascular cognitive impairment (O'Brien et al., 2003; Pantoni, 2010) . Prominent manifestations of small vessel disease on neuroimaging include T 2 hyperintense signals predominantly in the white matter (white matter hyperintensities) and lacunes. Lacunes are small subcortical cavities with an MRI signal identical to CSF.
The mechanisms underlying white matter hyperintensities and lacunes are still very much debated. Lack of progress in this area represents an obstacle to the development of novel diagnostic and therapeutic tools. Traditionally, lacunes are considered to result from occlusion of a single perforating artery (Bamford and Warlow, 1988; Bailey et al., 2012) whereas white matter hyperintensities are frequently attributed to chronic hypoperfusion (Fazekas et al., 1993; Pantoni and Garcia, 1997; O'Sullivan et al., 2002; Schmidt et al., 2007) . However, this concept has been challenged. Some authors propose that the mechanisms underlying lacunes and white matter hyperintensities might overlap and that their pathogenesis is more intimately connected (Wardlaw et al., 2003; Potter et al., 2010) . This should be reflected in the spatial relationships between newly developing (i.e. incident) lacunes and white matter hyperintensities during lesion evolution.
Studying the spatial relationships between incident lacunes and white matter hyperintensities poses methodological challenges. First, such investigations require longitudinal data to identify incident lesions and study lesion progression. Second, the incidence rate of lacunes is typically very low both in the general population (Vermeer et al., 2003) and in subjects with manifestations of cerebral small vessel disease thus requiring large sample sizes and long periods of follow-up. Third, there are competing causes of lacunes aside from cerebral small vessel disease including parent artery occlusion from local atheroma as well as embolism from atherosclerotic lesions or cardiac sources (Wardlaw et al., 2013) . Autopsy studies have limited utility in studying the evolution of small vessel-related lesions. This is because these lesions rarely cause death thus resulting in considerable delays until histopathological examination. Neuroimaging in combination with dedicated post-processing tools allows for the studying of large cohorts, identifying incident lesions and studying their progression over time.
In the current study we examined possible mechanistic links between small vessel disease-related lesions by investigating the spatial relationships between incident lacunes and pre-existing white matter hyperintensities and by studying the evolution of white matter hyperintensities in parallel with the development of lacunes. We further integrated our findings with knowledge on vessel anatomy. To overcome some of the methodological challenges we studied a large cohort of subjects with genetically defined small vessel disease that was followed over an extended time period using serial MRI. This enabled us to systematically assess a large number of incident lacunes clearly attributable to cerebral small vessel disease. To address the generalizability of our findings towards age-related small vessel disease we further studied prevalent lacunes in a large cohort of community-dwelling middle-aged and elderly subjects.
Materials and methods

Study cohorts
The main study cohort included 365 subjects with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) recruited through a prospective two-centre study (Klinikum Großhadern, University of Munich, Germany and Hopital Lariboisiè re, Paris, France) (Jouvent et al., 2008; Zieren et al., 2013) . CADASIL had been confirmed either by skin biopsy or by genetic testing (Joutel et al., 1996; Peters et al., 2005) . Follow-up visits were scheduled at 18, 36 and 54 months. Two hundred and seventy-six subjects had at least one follow-up and were thus included in the longitudinal analysis (Table 1) . One hundred and forty subjects had two follow-ups and 53 subjects completed all three follow-ups.
The second sample included a community-dwelling, cross-sectional cohort of 588 elderly subjects from the Austrian Stroke Prevention Study (ASPS) (Schmidt et al., 2003 (Schmidt et al., , 2005 . The ethics committees of all participating institutions approved the study. Written and informed consent was obtained from all subjects.
Magnetic resonance imaging
We obtained a total of 887 MRI scans in subjects with CADASIL, all of whom had been scanned on 1.5 T systems [Siemens Vision (Munich, n = 56) or General Electric Medical Systems Signa (Paris, n = 588; Munich, n = 243)]. Scans from community-dwelling elderly subjects (n = 588) were drawn from the Austrian Stroke Prevention Study (ASPS) (Schmidt et al., 1999) . A subgroup of 367 subjects within ASPS underwent scanning on a 3 T system including a 1 mm 3 isotropic resolution 3D T 1 . Sequence parameters are given in Supplementary  Table 3 . Of note, all subcortical hyperintense lesions on FLAIR images were deemed white matter hyperintensities, regardless of whether they occurred in white or subcortical grey matter. Thus, hyperintensities located in the basal ganglia were also named white matter hyperintensities.
Identification of incident and prevalent lacunes
Incident lacunes were identified using difference imaging and Jacobian maps ( Fig. 1 ) from 3D T 1 images at different time points (Duering et al., 2012b) . All follow-up images were registered to the baseline scans using a mutual information-based algorithm (Mattes et al., 2001) . After intensity normalization (Lewis and Fox, 2004 ) difference images were obtained by subtracting the preprocessed follow-up T 1 image from the T 1 image at study inclusion. Jacobian images were obtained by taking the determinant of the Jacobian matrices of each voxel after non-linear warping of the preprocessed follow-up image to the image at study inclusion (Calmon et al., 1998; Vemuri et al., 2003) . Prevalent lacunes were identified on 3D T 1 images with 1 mm isotropic resolution and defined as cystic lesions with a signal identical to CSF in T 1 -and T 2 -weighted images. Both incident and prevalent lesions were thoroughly examined to distinguish lacunes from enlarged perivascular Virchow-Robin spaces using well-established criteria including size (42 mm diameter for lacunes), shape, location and the typical orientation of perivascular spaces along the course of perforating vessels (Herve et al., 2005; Doubal et al., 2010a; Zhu et al., 2011) . Using these criteria, an excellent intra-and inter-rater reliability (two raters) was achieved as judged by a Cohen's kappa value of 40.95.
Visual rating of the spatial relationships between lesions
To determine the spatial relationship between incident lacunes and pre-existing white matter hyperintensities as well as white matter hyperintensities developing in parallel to lacunes, we used a visual rating scale (Fig. 2) . We analysed all incident lacunes that occurred in the cerebral hemispheres (see Table 2 for an overview of incident lacunes locations). Baseline analyses were performed individually for every incident lacune on the last scan before its appearance. Incident lacunes were rated for their location with regard to pre-existing white matter hyperintensities using the following categories: no contact (grade 0), contact without overlap (grade Ia), partial overlap (grade Ib), and complete overlap (grade II) with a pre-existing white matter hyperintensity. Importantly, all ratings were done by a reader unaware of the study hypothesis. On follow-up scans, small T 2 -hyperintensity rims around incident lacunes were not regarded as white matter hyperintensities. Inter-rater reliability (between two raters) was very good as judged by Cohen's kappa values 40.9. There was no significant difference in the distribution of visual rating categories for incident lacunes between the two centres and therefore no indication for a scanner bias or centre effect.
Relationships with vessel anatomy
Incident lesions in contact (grade Ia) or with partial overlap to white matter hyperintensities (grade Ib) were further rated with regard to their location along perforating arteries. To determine the orientation of perforating arteries within brain regions affected by incident lacunes we used a comprehensive vascular histological atlas (Salamon and Corbaz, 1971) . This atlas provides detailed information on the orientation of perforating arteries in different brain regions visualized by post-mortem dye injection in a single human subject. Slices from the atlas in all planes (axial, coronal and sagittal) were inspected side by side with the magnetic resonance images. Considering the course of perforating arteries in the respective brain regions incident lacunes were then graded as being either proximal or distal (in relation to the white matter hyperintensities) along the course of the perforating vessel. This analysis reached good inter-rater reliability (Cohen's kappa 0.87).
Prevalence maps for white matter hyperintensities and lacunes
For the analysis of the distribution of white matter hyperintensities and lacunes in the cross-sectional cohorts, lesion masks were generated and registered to Montreal Neurological Institute (MNI) 152 standard space. Lesion segmentation procedures have previously been published both for the CADASIL cohort (Duering et al., 2012a) and the ASPS cohort (Schmidt et al., 2005) .
In brief, lesion maps in the CADASIL cohort were generated using custom 2D and 3D editing tools from BioClinica SAS using a semiautomated procedure with intensity thresholding and manual corrections. The intra-and inter-rater reliability for these procedures and the Dice coefficient as a measure for overlap between raters has been shown to be high (Schmidt et al., 1999; Viswanathan et al., 2006 Viswanathan et al., , 2010 Duering et al., 2011) . Read-reread reliability for lesion volumes after switching the scanner at the Munich site was also very high (intraclass correlation coefficient 0.96).
The Number of lacunes, median (IQR) 2 (7) 6 (7) 1 (5) 3.22 Â 10 À 7 WMHV = white matter hyperintensity volume. *Normalization was achieved by dividing lesion volume through the volume of the intracranial cavity.
a lesion masking approach (Brett et al., 2001 ). After quality control 23 subjects from the CADASIL cohort and seven subjects from the ASPS cohort had to be excluded for the following reasons: motion artefacts (CADASIL: n = 5; ASPS: n = 1), inability to register images to standard space (CADASIL: n = 13, ASPS: n = 4) and concomitant pathologies, such as large vessel stroke (CADASIL: n = 5, ASPS: n = 1) and meningioma (CADASIL: n = 0, ASPS: n = 1). The final sample for the cross-sectional analysis in standard space consisted of 342 subjects with CADASIL and 581 ASPS subjects. For both cohorts, white matter hyperintensities maps in MNI 152 space were stratified into deciles according to the global lesion volume. Lesion probability maps were calculated in each group to identify predilection sites and to compare the pattern in each disease stage.
Statistical analysis
All statistical analyses were conducted with the R software package (version 2.13.2) (R Core Team, 2012). We first checked continuous variables for normal distribution using the Shapiro-Wilk test. For group comparisons of normally distributed data, we used the two-tailed Student's t-test. The Wilcoxon rank sum test (Mann-Whitney U-test) was used for non-normally distributed data. For group comparisons of binominal data we applied Fisher's exact test.
Results
Characteristics of incident lacunes in subjects with CADASIL
We identified a total of 104 incident lacunes (Table 2) in 64 of 276 subjects with CADASIL (mean follow-up = 27.5 months). Forty subjects had a single incident lacunes, 17 had two, and seven had three or more incident lacunes. Compared with subjects without incident lacunes, patients with incident lacunes were older, had higher normalized volumes of both white matter hyperintensities and lacunes and a higher number of prevalent lacunes at baseline (Table 1) . Groups were balanced with respect to gender and vascular risk factors. Twenty-one (32.8%) of the 64 patients with incident lacunes had stroke symptoms during follow-up. Thus the majority of incident lacunes were clinically silent.
Spatial relationship between incident lacunes and white matter hyperintensities
Ninety-five incident lacunes (91.3%) appeared in brain regions showing contact or partial overlap with pre-existing white matter hyperintensities (grade I rated at baseline), 47 of which (45.2%) developed in contact but with no overlap with a pre-existing white matter hyperintensity (grade Ia, Fig. 2 ) and 48 of which (46.1%) developed in regions showing partial overlap with a pre-existing white matter hyperintensity (grade Ib). Sixty per cent of the latter category (29 of 48) showed an overlap smaller than one-third of the estimated incident lacunes volume.
Only six lesions (5.8%) developed fully inside a pre-existing white matter hyperintensity (grade II) and only three incident lacunes (2.9%) developed in white matter appearing normal on T 2 /FLAIRweighted scans at baseline (grade 0). However, in all of the latter cases there was contact with white matter hyperintensities on followup scans, as white matter hyperintensities had developed in parallel with the lacunes. Rating examples are provided in Fig. 3 . We further calculated the a priori probability for each category (Supplementary material). The calculated distribution (grade 0: 34.9%, Ia: 14.5%, Ib: 37.0 %, II: 13.5 %) was significantly different from the observed distribution of the 104 incident lacunes (Chi-squared 46.9, df = 3, P = 3.57 Â 10 À 10 ). Overall, 98 incident lacunes (94.2%) showed contact with white matter hyperintensities present either at baseline or developing in parallel with the incident lacunes.
Progression of white matter hyperintensities in vicinity of incident lacunes
In two cases, white matter hyperintensities progressed in parallel with the appearance of the incident lacunes such that the white matter hyperintensities showed contact at baseline (grade I) and complete overlap (grade II) at follow-up (Fig. 2) . Ninety-three Figure 1 Identification of incident lacunes. Example of an incident lacune that had occurred between baseline and 18 month follow-up. The incident lacune is easily identified as a dark region on difference maps (bright on the Jacobian maps). Registered FLAIR images are used to determine the relationship with white matter hyperintensities at each time point. This incident lacune was rated as grade Ia (baseline) and I (follow-up) according to the visual rating scale depicted in Fig. 2. lesions remained in partial contact with white matter hyperintensities during follow-up. For these lesions we estimated the spread of white matter hyperintensities in the direction of the incident lesion by estimating the surface coverage by white matter hyperintensities at baseline and at follow-up. An increase in surface coverage was found for 54 lesions (58.0%). In 37 lesions (39.7%) there was no change in surface coverage, whereas a decrease in surface coverage of adjacent white matter hyperintensities was found in two lesions (2.15%).
Thus, a progression of white matter hyperintensities around the incident lesion was detectable in the majority of cases.
Spatial relationship between incident lacunes and white matter hyperintensities with respect to perforating arteries Next, we examined the spatial relationships of incident lacunes and white matter hyperintensities with regard to the orientation of perforating arteries by using a comprehensive atlas of vascular territories in the human brain (Salamon and Corbaz, 1971) (Fig. 4A) .
Focusing on incident lacunes that developed at the edge of preexisting white matter hyperintensities (grade I, Fig. 2 , n = 95), we investigated whether incident lacunes occurred proximal or distal of the white matter hyperintensities with regard to the orientation of perforating arteries in the respective region (Fig. 4B) . Again, all readings were done by a rater (E.C.) unaware of any study hypotheses. In 72 cases (76%) the spatial relationships between incident lacunes, pre-existing white matter hyperintensities, and vascular territories could be clearly delineated. Here, the majority of incident lacunes (n = 70, 97.2% of classifiable cases) developed proximal to the pre-existing white matter hyperintensities with regard to the origin of the perforating artery. Two incident lacunes (2.8% of classifiable cases) occurred distal of a white matter hyperintensity. Twenty-three (24%) of the 95 lesions were judged not classifiable because the vascular territory could not be clearly delineated (Fig. 4B) .
Spatial relationship between lacunes and white matter hyperintensities in age-related small vessel disease
To address the generalizability of our findings towards age-related small vessel disease we next examined the spatial relationships between lacunes and white matter hyperintensities in the ASPS. Because of the paucity of incident lacunes in ASPS we studied prevalent lacunes. Fourteen of the 367 subjects with suitable scans (3D T 1 available) had prevalent lacunes (Supplementary Table 1 ). All of them were clinically silent and all of them were found at the edge of white matter hyperintensity (grade I, Supplementary Fig. 1 ).
We also analysed prevalent lacunes in patients with CADASIL. To avoid confounding by confluent white matter hyperintensities in advanced disease stages and to achieve comparability with data from ASPS we analysed patients within the first three deciles of normalized white matter hyperintensities volume. This included 18 subjects with 20 prevalent lacunes (mean normalized white matter hyperintensities volume 2.57%; range 0.537-3.56%, Supplementary Table 2). Seventeen prevalent lacunes (85%) showed the same pattern as in ASPS (grade I). Three lesions showed no contact to white matter hyperintensities (resembling grade 0). All of them were located in the thalamus. incident lacunes and pre-existing white matter hyperintensities rated at baseline (before appearance of the incident lacune) and between incident lacunes and white matter hyperintensities at follow-up. Numbers indicate rating results for the 104 incident lacunes. Arrows indicate changes in the spatial relationships between time points. Note, that there is no distinction between grade Ia and Ib at follow-up because the two categories cannot be distinguished in the presence of a lacune. Small hyperintense rims surrounding incident lacunes on the follow-up scans were not considered as white matter hyperintensities. Such rims were present in 75 incident lacunes (72.1%). Anatomical distribution of white matter hyperintensities and lacunes across disease stages
To examine the spatial progression of lesions across disease stages we generated lesion prevalence maps for white matter hyperintensities and lacunes after dividing the overall sample of subjects with CADASIL into deciles according to white matter hyperintensities volume (Fig. 5A ). Visual inspection of the prevalence maps identified the periventricular white matter as the earliest and most prevalent location for white matter hyperintensities. A second prominent cluster emerged somewhat lateral between the external capsule and corona radiata. A third cluster was found in the temporopolar white matter as previously described for patietns with CADASIL. With greater lesion volumes white matter hyperintensities tended to expand towards the subcortical white matter. The prevalence of white matter hyperintensities in ASPS (Fig. 5B ) was much lower than in subjects with CADASIL and there were no lesions in the temporopolar white matter. However, there was a similar pattern and spread of lesions with regard to the periventricular and more lateral white matter hyperintensities cluster (Fig. 5B) . The spatial distribution of lacunes in patients with CADASIL differed from the distribution of white matter hyperintensities in that lesions commenced more laterally than the periventricular white matter hyperintensities (first and second decile) and also spread into the ventral parts of the internal capsule and basal ganglia (third to 10th decile). However, lacunes also developed in subcortical regions, particularly in patients with higher white matter hyperintensities volumes (fifth to 10th decile). Because of the low number of prevalent lacunes in ASPS (n = 14) we did not generate prevalence maps in this cohort. The location of lacunes in ASPS is detailed in Supplementary Table 1. The observed pattern is in line with the pattern of prevalent lacunes in subjects with CADASIL.
Discussion
This study provides a detailed account of the spatial relationships between incident lacunes and white matter hyperintensities in a large cohort of subjects with pure small vessel disease while considering information on vascular anatomy. The main (B) Incident lacunes were classified in relation to both white matter hyperintensities and the anatomical course of perforating arteries in that region (red arrow). Twenty-three cases could not be classified because of uncertainties in the course of the vessel. The majority of classifiable incident lacunes occurred proximal to the pre-existing white matter hyperintensities with regard to the origin of the perforating artery. findings are as follows: (i) the majority of incident lacunes developed at the edge of a white matter hyperintensity and the distribution of prevalent lacunes both in subjects with CADASIL and in subjects with age-related sporadic small vessel disease was consistent with this observation; (ii) in most cases there was a spread of white matter hyperintensities around the incident lacunes during follow-up; and (iii) most incident lacunes developed proximal to white matter hyperintensities with regard to the anatomical course of perforating vessels. Lesion prevalence maps for white matter hyperintensities across different disease stages showed a spread of lesions from the periventricular to subcortical regions in both study cohorts. These findings provide novel insights into the mechanisms of lacunes and white matter hyperintensities as the two most prominent manifestations of small vessel disease.
More than 90% of incident lacunes appeared at the edge of a pre-existing white matter hyperintensity with half of them showing no overlap with the white matter hyperintensity. At follow-up, still 490% of incident lacunes showed partial contact with a white matter hyperintensity, whereas only 7% were fully surrounded by white matter hyperintensities. This finding identifies the edge of white matter hyperintensities as a predilection site for the appearance of cavitating lesions and suggests that the pathophysiology of small vessel disease-related incident lacunes is connected to the pathophysiology of white matter hyperintensities. The conclusion is substantiated by our findings on prevalent lacunes particularly in the ASPS cohort. In ASPS all prevalent lacunes were found to be located at the edge of a white matter hyperintensity despite the fact that the overall amount of white matter hyperintensities and lacunes was relatively small.
Our results are in some contrast to observations from the Leukoaraiosis and Disability (LADIS) study that found incident lacunes to commonly develop either within or outside pre-existing white matter hyperintensities (Gouw et al., 2008) . However, the results are difficult to compare, as that study included no category for contact or partial overlap, which was the most common location for lacunes in the current study. In LADIS, basal ganglia lacunes were found to be associated with atrial fibrillation thus suggesting cardio-embolism as a cause of lacunes in some of the LADIS patients. The assignment of subcortical ischaemic lesions to specific aetiologies is notoriously difficult because there are various mechanisms apart from small vessel disease including macroatheroma of the parent artery (Kim and Yoon, 2013) and embolism from arterial and cardiac sources (Lammie and Wardlaw, 1999) . The current study focused on patients with genetically-defined small vessel disease and there were no competing aetiologies for stroke in our patients with CADASIL. Thus, our findings can be clearly attributed to small vessel disease, in particular CADASILrelated small vessel disease. A common challenge in studying lacunes is differentiating these lesions from enlarged perivascular spaces. In the current study particular care was taken to exclude perivascular spaces by using previously established criteria (Doubal et al., 2010b) . This might in part explain differences between our observations and earlier results.
Our findings shed some light on the mechanisms of lacunes. The proportion of incident lacunes that developed fully within a Figure 5 Lesion probability maps for white matter hyperintensities (WMH) and prevalent lacunes. Lesion masks in standard space for CADASIL (n = 342, A) and ASPS (n = 581, B) were summed up after grouping subjects in deciles according to the global white matter hyperintensities volume in standard space (sWMHV). Probability maps for each decile group are superimposed on a coronal section of the MNI 152 T 1 template. Note the different scales for CADASIL and ASPS reflecting marked difference in lesion volume.
pre-existing white matter hyperintensity was low (56%) suggesting that the conversion of incomplete ischaemic lesions into cystic fluid-filled cavities is a relatively rare mechanism of lacunes at least in our study population. For the most part, incident lacunes appeared in normal appearing brain tissue in proximity to an existing white matter hyperintensity. Recent work suggests that brain tissue neighbouring white matter hyperintensities may be a predilection site for additional ischaemic injury. Thus, for example, a recent diffusion tensor imaging study found subtle alterations of microstructural integrity in tissue surrounding white matter hyperintensities (Maillard et al., 2011) . This led the authors to propose the term 'white matter hyperintensity penumbra' to characterize tissue at risk of turning into a more severe lesion, and in fact, the same group recently demonstrated that increases in white matter hyperintensities volume are typically driven by the expansion of pre-existing lesions rather than by emergence of new lesions (Maillard et al., 2012) . In conjunction with the current results, these observations characterize the 'white matter hyperintensity penumbra' as a predilection site for new ischaemic lesions including both white matter hyperintensities and lacunes. Owing to the descriptive nature of our study we are not able to provide more detailed insights into the mechanisms. Yet, our results provide an important starting point for targeted mechanistic investigations including experimental studies in animal models (Shih et al., 2013) .
Adding information on vessel anatomy we found that in more than 95% of interpretable cases incident lacunes developed proximal to the pre-existing white matter hyperintensities in the course of a perforating vessel. Notably, lacunes do not seem to extend into the vascular end zone. We can only speculate on the reasons for this observation. For one, lacunes may originate from tertiary artery occlusions rather than occlusion of the parent perforator artery itself as suggested in a recent histopathological study that performed intra-arterial dye injections in parallel with an examination of lacunes (Feekes et al., 2005) . Second, brain regions already affected by white matter hyperintensities might have developed some tolerance to ischaemia due to previous exposure to hypoperfusion (Dirnagl et al., 2009) .
The lesion prevalence maps for white matter hyperintensities in subjects with CADASIL and elderly participants from ASPS confirm the vascular end zone as a predilection site for white matter hyperintensities. As the disease progresses, white matter hyperintensities typically expand towards the subcortical white matter usually along the trajectories of perforating vessels (Figs 5 and 6). Our results indicate that lacunes typically develop at the edge of expanding white matter hyperintensities, which may subsequently expand up to a degree, where the lacune is fully surrounded by white matter hyperintensities (Fig. 2) .
Our study has several methodological strengths including a unique sample of patients with genetically defined small vessel disease and without competing stroke aetiology, the large number of incident lacunes, our approach of using difference images and Jacobian maps for the identification of incident lacunes, the use of co-registered images for the assessment of spatial relationship, and the addition of data on prevalent lacunes from both inherited and age-related small vessel disease. Our methods offer clear advantages over the side-by-side inspection of non-registered scans, which heavily relies on the rater's anatomical skills (Wardlaw, 2008) . Importantly, all rating scales reached high intra-and inter-rater reliability.
Limitations include scanning at 1.5 T, the use of different scanners, and the lack of an isotropic 3D FLAIR sequence, which might have facilitated the 3D rating of lesions. Another limitation is the use of a single subject atlas on vascular anatomy (Salamon and Corbaz, 1971) rather than data derived from study participants. However, the principal anatomy of perforating arteries and supply pattern within the brain has been shown to be highly uniform across individuals (Feekes et al., 2005) and there are currently no protocols for visualizing the human microvasculature in vivo. On average, patients with incident lacunes had higher lesion volumes than those without and there were few patients with incident lacunes that were within early disease stages of CADASIL. Thus, we cannot exclude that the spatial relationships between lesions in less affected individuals are different. Of note, however, our data on prevalent lacunes in subjects with CADASIL with a low volume of white matter hyperintensities are consistent with our findings on incident lacunes.
Ideally, the analysis in ASPS would have been done on incident lesions. However, there were no incident lacunes in communitydwelling subjects from ASPS. The frequency of prevalent lacunes was also quite low as expected in a community-dwelling sample. Of note, none of the subjects in ASPS had a history of stroke. Thus, all lacunes in ASPS were clinically silent. Still, the results match closely with those obtained from incident lacunes in CADASIL. Our observations on prevalent lacunes and the lesion prevalence maps emphasize similarities between CADASIL and age-related small vessel disease and this is also suggested by the similar clinical presentation (Charlton et al., 2006; Chabriat et al., 2009; Pantoni, 2010) . We acknowledge differences such as the earlier age of onset, greater severity of magnetic resonance changes, and involvement of the temporopolar white matter in CADASIL. However, the overall spread of lesions across disease stages was remarkably similar in CADASIL and ASPS and consistent with the concept that lesions commence in periventricular regions and subsequently spread towards the subcortical white matter.
Our findings might have clinical relevance. The principal pattern of white matter hyperintensities and lacunes observed in the current study can be clearly attributed to small vessel disease. Similar studies in patients with other defined aetiologies, such as local atheroma or cardio-embolism are now needed to determine whether the spatial relationship between lacunes and white matter hyperintensities can serve as a diagnostic criterion for distinguishing between different aetiologies.
In conclusion, our data suggest that the mechanisms of lacunes and white matter hyperintensities are intimately connected. Our findings identify the edge of white matter hyperintensities as a predilection site for lacunes and suggest that these lesions typically occur proximal to pre-existing white matter hyperintensities with regard to the anatomical course of perforating vessels. These observations offer insights into the mechanisms underlying white matter hyperintensities and lacunes and refine the concept of the white matter hyperintensity penumbra. Figure 6 Proposed model for a typical evolution of white matter hyperintensities and lacunes in small vessel disease. White matter hyperintensities commonly first appear in brain regions corresponding to vascular end zones. They then progress along the more proximal parts of perforating arteries towards the subcortical white matter and the basal ganglia. Lacunes preferentially appear at the edge of white matter hyperintensities, for the most part in brain tissue with normal FLAIR signal on MRI. White matter hyperintensities may expand around lacunes.
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